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Abstract
Numerical modeling of geologic carbon sequestration (GCS) is needed to guide efficient development and to understand potential
consequences of its development.  The Illinois Basin is a major geologic basin in north-central United States.  To evaluate the feasibility 
of future, commercial-scale GCS within this basin, a basin-scale, flow model is being developed using TOUGH2-MP/ECO2N and 
refined as new geologic data become available.  Current models include the Mt. Simon Sandstone and its caprock (Eau Claire Shale). 
The project goals are to evaluate the migration of injected CO2 and assess the pressure changes in this open reservoir in response to 
future GCS developments.
© 2013 The Authors. Published by Elsevier Ltd.  
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Nomenclature
GCS geologic carbon sequestration
IBDP Illinois Basin Decatur Project
1. Introduction
Geologic carbon sequestration (GCS) involves injecting CO2 into a reservoir.  For most GCS projects, CO2 will have a 
lower density than the native brine and will behave as a supercritical fluid at reservoir pressure and temperature.  CO2 will
flow horizontally and vertically in a saline reservoir until it is trapped by one of four trapping processes
structural/stratigraphic, residual, solubility, and mineral trapping. Structural or stratigraphic trapping involves stopping the 
flow of CO2 by a structural feature or stratigraphic change in the subsurface geology resulting from an increase in capillary 
pressure or a reduction in permeability.  A shale caprock overlying a sandstone reservoir is an example of a stratigraphic
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trap.  Residual trapping describes the physics of two-phase flow where some of the nonwetting fluid (CO2) will remain in 
the smaller rock pores because of interfacial tension as the nonwetting fluid is replaced by the wetting fluid (brine).  
Solubility trapping describes the simple process of CO2 dissolving into the brine.  The final process, mineral trapping, 
describes the geochemical process where the free-phase or aqueous CO2 reacts to form a mineral (solid) such as calcium 
carbonate. 
 
Simulators used to predict the effects of GCS can be simple and include only one trapping process or can be more 
elaborate and include all four of these processes.  To simulate GCS in saline reservoirs, Ennis-King and Paterson [1] 
developed a simple, one-dimensional, analytical simulator to evaluate the significance of solubility trapping.  Likewise, 
Hesse et al. [2] developed a one-dimensional, analytical tool to describe the effect of residual trapping in saline reservoirs.  
Analytical simulators commonly require limited input data to estimate the desired solution, which allows estimates to be 
developed in a shorter time frame.  This simplicity may limit the utility of the modeling results.  For these two examples, 
the modeling results only demonstrate the effect of a single process in one dimension.  More often, the competing effects 
of two or more processes need to be evaluated and results need to be defined for two or three dimensions.  Numerical 
simulators allow more trapping processes to be evaluated simultaneously and have been used to evaluate GCS in two and 
three dimensions for generic settings (Ghanbari et al. [3]) or for specific geologic settings like the Illinois Basin (Zhou et 
al. [4]; Person et al. [5]), the Michigan Basin (Barnes et al. [6]), and the Kanto Basin beneath Tokyo Bay (Yamamoto et al. 
[7]).  
 
Preliminary geochemical modeling indicated that geochemical trapping would not be a significant trapping process for 
GCS in the Mt. Simon sandstone (Mt. Simon) of the Illinois Basin (Berger et al. [8]).  Thus, a simulator capable of 
modeling the three other trapping processes was selected.  TOUGH2-MP (Zhang et al. [9]) with module ECO2N (Pruess et 
al. [10]) were selected and used to simulate the three dimensional, flow and transport of CO2 and brine through the basal 
sandstone in the Illinois Basin.  The purpose of this GCS modeling is to evaluate the effects of future GCS activities and 
2.  Stationary sources in the 
Illinois Basin emit 291 million tonnes of CO2 into the atmosphere (USDOE [11]).  Specifically, we investigated the effects 
of injecting 50 or 100 million tonnes of CO2 per year using 20 injection wells located across the center of the basin (Figure 
1).  The injection period was 50 years followed by a post-injection period of variable duration (140 to 1,450 years). 
2. Development of the Geologic Model 
The Illinois Basin is a major geologic basin in north-central United States.  It covers an area roughly 700 km from north 
to south and 300 km east to west.  The basin dips to the south and is filled with 450 to 7,000 m of Paleozoic rocks 
(Collinson et al. [12]).  The Cambrian-age Mt. Simon is the basal sandstone reservoir in the Illinois Basin and is open to 
the north.  The Mt. Simon is generally at least 150 m thick in areas favorable for GCS, but its thickness exceeds 700 m in 
its depocenter.  It is unconformably underlain by Precambrian bedrock and conformably overlain by the Eau Claire Shale 
(Kolata [13]).  The Mt. Simon is a fine- to coarse-grained, partly pebbly, poorly sorted quartzose to arkosic sandstone and 
is part of a vast sheet of basal Cambrian sandstone that covers wide areas of the midcontinental United States (Kolata 
[13]).  The Mt. Simon is a source of groundwater in northern Illinois and southern Wisconsin (outside the basin) and is 
used to store industrial waste (outside the basin) and natural gas (outside and inside the basin).   The effects of GCS on 
these uses need to be evaluated.  Because the Mt. Simon contains no economic minerals or oil and gas deposits, the 
geologic data for this formation within the Illinois Basin are limited.  Thus, the geologic model developed for this project 
is evolutionary and will be revised as more geologic, geophysical, hydrogeologic, and geochemical data become available 
from the Illinois Basin Decatur Project (IBDP) and other research and evaluation.  The Eau Claire consists of dolomitic 
siltstones and sandstones with interbedded dolomite and shale in northern Illinois but grades to dominantly dolomite and 
limestone in southern Illinois (Kolata [13]).  The Precambrian bedrock is also known as the crystalline crust and primarily 
consists of granite plutons, granodiorite, and rhyolite (McBride et al. [14]).  
 
The conceptual model includes the Mt. Simon as the injection zone and the Eau Claire as the upper confining unit and 
the Precambrian bedrock as the lower confining unit.  The conceptual model subdivides the relatively thick Mt. Simon 
sandstone into three stratigraphic units (Leetaru and McBride [15]).  The deepest unit was deposited in a braided river 
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Figure 1. A plan view of the telescopically-refined mesh used for the TOUGH2-MP simulator.  The numerical grid near the model 
boundary is composed of elements 10 km by 10 km.  The elements become progressively smaller toward each injection well, which is 
located at the center of each of the 20 circular features.  The three-dimensional mesh contains 1,254,397 elements.  Wells 14 and 15 are 
identified in the green inset map. (modified from Zhou et al. [4]) 
 
setting with some eolian deposition and has the highest porosity and permeability of the three stratigraphic units.  The 
middle unit appears to be fluvial, but there are little data for additional interpretations.  The upper unit was deposited in a 
shallow water, tidally influenced system and tends to have relatively consistent properties.  The upper unit tends to have 
higher porosity and permeability than the middle unit.  The Precambrian rock is subdivided into two layers.  A thin layer 
represents weathered Precambrian bedrock which rests on top of the unweathered Precambrian bedrock, which is the 
bottom confining layer.  Because of the lateral continuity of these formations, it is not possible to define lateral boundaries 
based on geologic structure or stratigraphic changes.  Instead we have selected lateral boundaries to be at a sufficient 
distance to minimize their effect.  The side and top boundaries have fixed pressure while the bottom boundary is a no-flow 
boundary.  The initial condition requires definition of the salinity and density of the brine and formation pressure and 
temperature throughout the model domain.  Zhou et al. [4] provide details regarding the development of the initial 
condition for this three-dimensional model.  
 
The geologic model requires defining the three-dimensional geometry of the rock units and defining properties needed 
by the simulator such as rock properties (e.g., porosity, permeability), fluid properties (e.g., density, salinity) and reservoir 
properties (e.g., relative permeability, residual saturation) (Table 1).  The geometric data for the top and bottom elevations 
for the formations included in the geologic model were retrieved from the Illinois State Geological Survey geographical 
information system.  While the thickness of the various formations vary by location, their thicknesses at well 14 (Figure 1) 
are 95 m for the Eau Claire, 609 m for the Mt. Simon, and 22 m for the Precambrian weathered rock.  Zhou et al. [4] 
described the process used to develop a telescopically-refined grid for TOUGH2-MP based on the geologic data (Figure 
1).  While the geometric component of the geologic model remained constant, we varied the other data in the geologic 
model with each scenario modeled.  Four scenarios were modeled.  The first scenario (ILB01a) was developed by a 
partnership of ISGS and Lawrence Berkeley National Laboratory scientists and has petrophysical properties determined  
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Table 1. Input data used for the TOUGH2-MP simulator.  These data describe the reservoir and fluid properties for the near-well model domain. 
 
Parameter Unit Minimum value Maximum value 
Horizontal permeability  m2 2.6x10-20 1.0x10-12 
Vertical permeability  m2 1.0x10-20 1.0x10-12 
Porosity % 4.7 20.3 
Pore compressibility Pa-1 1.83x10-10 7.4x10-10 
Temperature °C 24.4 44.2 
Salt mass fraction  0.075 0.228 
Dissolved CO2  0 0 
Relative permeability function (van Genuchten-Mualem) 
  0.412 0.90 
Liquid saturation  1.00 1.00 
Residual liquid saturation  0.15 0.40 
Residual gas saturation  0.20 0.30 
Capillary pressure function (van Genuchten) 
  0.412 0.412 
Liquid saturation  0.999 0.999 
Residual liquid saturation  0.00 0.03 
Strength coefficient  Pa-1 1.0x10-7 2.24x10-4 
Maximum capillary pressure  Pa 5.0x105 1.0x109 
 
from the nearest well that fully penetrates the entire Mt. Simon (Weaber-Horn Unit #1).  Modeling results for this scenario 
have been published (Zhou et al. [4]).  The geologic model for this scenario was developed without any data obtained from 
the IBDP injection well or monitoring well, which are completed in the Mt. Simon.  The second scenario (ILB01b) is a 
minor variation of the first scenario, where the vertical permeability was decreased to values equal to the horizontal 
permeability.  The third scenario (ILB02a) includes static data from the IBDP injection and deep monitoring wells.  Static 
data includes data obtained via geophysical logs, sidewall and whole cores, and other tests.  In this scenario, the geologic 
data determined using the IBDP wells were applied throughout the entire model.  The fourth scenario (ILB02b) is a minor 
variation of the third scenario where porosity and permeability values for the northern and western sectors of the farfield 
(area covered by the coarsest grid in Figure 1) were assigned values from a calibrated groundwater model of the Mt. 
Simon and other bedrock aquifers beneath northeastern Illinois (Meyer et al. [16]). 
 
Porosity and permeability data are shown for ILB01a (Figure 2) and all four scenarios (Figure 3).  Figure 2 also shows 
the stratigraphy and the two injection zones at the base of the Mt. Simon. The major difference between scenarios ILB01a 
and ILB01b is the lower vertical permeability assigned to nine Mt. Simon layers in ILB01b (Figure 3).  These vertical 
permeability values were reduced to match the horizontal permeability values for the nine layers.  Porosity and 
permeability values for scenarios ILB02a and ILB02b were assigned based on data collected from the IBDP wells and are 
much lower than those assigned in the first two scenarios.  These lower permeability values also required an adjustment to 
the injection zones and rate.  For scenarios ILB01a and ILB01b, a total of 100 million tonnes of CO2 per year were 
injected into the Mt. Simon through two injection zones.  For scenarios ILB02a and ILB02b, only 50 million tonnes of 
CO2 per year were injected into the Mt. Simon through a single injection zone. 
3. Basin-Scale GCS Modeling Preliminary Results 
The effect of injecting CO2 into the Mt. Simon was evaluated by 
defined as the pressure at a given time minus the initial pressure (Table 2).  The average, maximum, and standard 
deviation of the pressure change for scenarios ILB01a and ILB01b are similar but these statistics are much lower than 
those for scenarios ILB02a and ILB02b.  Despite the lower injection rate used for scenarios ILB02a and ILB02b, the 
maximum and average change in pressure are higher for scenarios ILB02a and ILB02b than those observed in scenarios 
ILB01a and ILB01b.  The change in pressure was also evaluated for the entire model (all elements), the bottom layer of 
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Figure 2.  Porosity and permeability values assigned to the 24 vertical layers near the injection wells for the TOUGH2-MP simulator.  
Parameters are shown for the first modeling scenario (ILB01a).  The stratigraphy and the two injection zones are also shown.  
 
Figure 3.  Porosity and permeability values assigned to the 24 vertical layers near the injection wells for the TOUGH2-MP simulator.  
Parameters shown for 4 modeling scenarios ILB01a, ILB01b and ILB02a/ILB02b. 
 
the Eau Claire, the middle of the Mt. Simon, the top injection zone of the Mt. Simon, the bottom injection zone of the Mt. 
Simon, and the Precambrian layer (Figure 4
injection zone has the same injection rate and permeability as the bottom injection zone but is approximately 4 m thinner 
which  
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Figure 4.  Change in pressure in different segments of the geologic model after 50 years of CO2 injection. 
 
Table 2. Average, maximum and standard dev -MP after 50 years of CO2 injection. 
 
To evaluate the transport of CO2 for the various scenarios, the mass balance data were reviewed.  CO2 can be present as 
free-phase CO2 (part of a CO2 bubble) or in the aqueous phase (dissolved in brine).  For the scenarios modeled, more than 
90% of the injected CO2 mass remains in the injection zone (Mt. Simon) as free-phase CO2 with small amounts of 
dissolved CO2 in the injection zone, minor amounts of dissolved CO2 in the Precambrian layer, and trace amounts of 
dissolved CO2 in the Eau Claire (only scenario ILB01a) (Table 3).  At the end of the injection period for scenario ILB01a, 
approximately 6.8% of the injected CO2 dissolved into the brine.  The percentage of the dissolved CO2 varies with time 
and modeling scenario.  At very early times, a high percentage of the CO2 mass dissolved, but this declined to a value of 6 
to 7% early in the injection period and generally increased with time (Table 4).  Scenario ILB01a had the highest amount 
of dissolved CO2 with 10.0% of the CO2 dissolved at the end of the simulation period of 190 years. 
 
r 






maximum average std dev 
ILB01a 3.77 x 106 2.47 x 106 1.09 x 106 
ILB01b 3.78 x 106 2.46 x 106 1.09 x 106 
ILB02a 1.78 x 107 4.75 x 106 3.44 x 106 
ILB02b 1.79 x 107 4.71 x 106 3.42 x 106 
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Figure 5. Contour maps near the injection wells showing 
years of CO2 sed 
by TOUGH2-MP. 
 
Table 3. Distribution of CO2 mass (kg) for each of the modeling scenarios 
Model location 





















Eau Claire 0 1.7x101 0 <1x10-3 0 <1x10-3 0 <1x10-3 
Mt. Simon 4.7x1012 3.4x1011 4.7x1012 3.3x1011 2.4x1012 1.3x1011 2.4x1012 1.3x1011 
Precambrian 0 1.7x107 0 1.9x107 8.6x104 1.9x106 8.6x104 1.9x106 
Total 4.7x1012 3.4x1011 4.7x1012 3.3x1011 2.4x1012 1.3x1011 2.4x1012 1.3x1011 
 
Table 4. Temporal distribution of dissolved CO2 mass (kg) for the four modeling scenarios 
Time 
Percentage of injected CO2 dissolved in brine (%) 
ILB01a ILB01b ILB02a ILB02b 
Early 5.8 5.7 7.4 7.2 
End of simulation 10.0 6.8 5.8 8.1 
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(0.1 MPa or 15 psi) is significantly smaller for scenarios ILB02a and ILB02b.  Two modeling results from scenario 
ILB01a seem to be due to greater vertical transport-- a greater amount of dissolved CO2 throughout the model domain and 
dissolved CO2 being transported into the Eau Claire.  This greater vertical transport was a direct result of the vertical 
permeability values exceeding horizontal permeability for nine Mt. Simon layers in Scenario ILB01a. 
4. Summary/Discussion 
The TOUGH2-MP modeling results from these four scenarios demonstrate the significant effect that the geologic 
model can have on the mass of CO2 that can be sequestered and the predicted pressure changes in the injection zone and 
adjacent confining layers.  The lower permeabilities in the geologic model used for scenarios ILB02a and ILB02b resulted 
in higher pressures near the injection wells and lower CO2 injection rates.  The modeling results also demonstrate that 
pressure fronts from the injection wells will experience well interference but the CO2 plumes will remain close to the 
injection wells.  For the scenarios considered, >90% of the injected CO2 remains as free phase CO2 in the injection zone 
and solubility trapping retained <10% of the injected CO2 following injection.  A minor amount of dissolved CO2 
(<0.0001% of the injected CO2) was transported into the underlying Precambrian.  The amount of CO2 retained by residual 
trapping is unknown, and we need to develop a technique to estimate the amount of CO2 trapped by residual trapping. 
 
In the future, we will develop additional geologic models as new data become available.  We expect to develop the next 
geologic model using the dynamic data collected from the IBDP injection well, which commenced CO2 injection in 
November 2011.  Pressure data are being collected from nine vertical locations in the Mt. Simon using a monitoring well 
located 305 m from the injection well.  In addition, other geologic data from the Illinois Basin have been collected and 
compiled and will allow us to refine the farfield portion of the geologic model.  In the big picture, we are refining the 
geologic model as data become available and evaluating the effect that GCS may have on other stakeholders in the Illinois 
Basin.  We believe that this sequential approach will be beneficial, allowing us to develop an understanding of the effects 
of these changes in the geologic model. 
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